Millet GP, Vleck VE, Bentley DJ. Physiological requirements in triathlon. J. Hum. Sport Exerc. Vol. 6, No. 2, pp. 184-204, 2011. This article aims to present the current knowledge on physiological requirements in Olympic distance and Ironman triathlon. Showing the data available from a "traditional point of view" (aerobic power, anaerobic threshold, heart rate, running economy) and from a "contemporary" point of view (V̇O2 kinetics), it emphasises where we are currently and the areas that remain unknown.
INTRODUCTION
Exercise physiologists working with triathletes have to deal (1) with different exercise modes; (2) interindividual variations in swim, cycle and run training history that in turn influence athlete's training adaptations and training profiles; (3) different genders and finally (4) different triathlon distances (in this article, we shall focus only on Olympic distance OD vs. Long Distance LD). 
'Traditional' viewpoint

Figure 1. Overall schematic of the multiple 'traditional' physiological factors that interact as determinants of performance velocity or power output (Coyle, 1995).
It is of interest to note that only the two first of these factors (V̇O2max and LT/VT) have been extensively investigated in triathletes.
"Performance V̇O2" (i.e. how long a given rate of aerobic and anaerobic metabolism can be sustained) is determined by the interaction between VO2max and lactate threshold (LT), whereas efficiency determines how much speed or power (i.e. "performance velocity") can be achieved for a given amount of energy consumption (Joyner & Coyle, 2008) . However, these physiological variables measured in either cycling and running may adapt indifferently as a consequence of cross training in cycling and running (Loy, Hoffmann, Holland, 1995; Tanaka, 1994 This 'contemporary' viewpoint (Burnley & Jones, 2007) claims that the characteristics of the V̇O2 kinetics (Tschakovsky & Hughson,1999 ) that describe the time course of V̇O2 at onset of exercise (or to a larger extent during any increase in intensity)-determine the 'intensity domains' (Figure 2 ) and therefore the rate of changes (accumulation / storage / utilisation) in the 'traditionally'-described limiting factors of performance ( Figure 3 ). It is surprising that there are very few studies describing or comparing V̇O2 kinetics in triathletes.
TRAINING CHARACTERISTICS OF LD VS OD TRIATHLETES
Given the different race intensity and durations of OD and LD racing, and the fact that athletes increasingly tend to specialise in one or the other competition, it is logical that significant training (and therefore, physiological) differences, should exist between type of the two groups. Surprisingly, however, little examination of the way that LD vs. OD triathletes train has been carried out. Other bike 1.6 ± 1.6 1.4 ± 1.7 2.4 ± 3.0 0.9 ± 0.9 1.5 ± 0.4 2.6 ± 1.0 Long run Data on weekly training volume in hours (Table 2) or mileage (Table 3) , that are differentiated by competitive distance, ability level and or gender, are scarce. Retrospective studies investigating whether training content has increasingly diverged between OD and LD triathletes, since the 1980's, would be of interest and potentially allow for better understanding of the extent to which the sport has changed over the past 30 years. Table 4 shows the studies that have reported maximal oxygen uptake and peak work load or power for cycling and running in triathletes ( A schematic of the differences in V̇O2max between cycling and running in triathletes is provided below ( Figure  4 ). It emphasises that multi-sport training induces a profile that is intermediate to that of runners or cyclists. There is some evidence that HR may not differ between cycling and running. Basset and Boulay (2000) have reported that the relationship between HR and % V̇O2max did not differ when calculated either from a treadmill or from a cycle ergometer test. These authors showed also that HR was similar between running and cycle ergometer tests throughout the training year and concluded that triathletes could use a single mode of testing for prescribing their training HR in running and cycling throughout the year (Basset & Boulay, 2003).
MAXIMAL AEROBIC POWER AND THE ANAEROBIC THRESHOLD IN OD AND LD TRIATHLETES
Maximal aerobic power
Anaerobic threshold
Zhou et al. (1997) showed that the HR corresponding to the VT was significantly higher in running (174.6 ± 4.5) as compared with cycling (166.4 ± 7.6). However these authors found that the HR measured in a OD triathlon race was similar to the HR at the VT in cycling but much lower in running. Other studies have also shown a decrease in the HRmax and the HR corresponding to the VT during an incremental running test performed after submaximal cycling (Hue, Le Gallais, Boussana, Chollet, Prefaut, 2000). Hue et al. (1998) have also demonstrated that the HR during a 10 km run after 40 km of cycling is higher when compared with the same run without cycling. Therefore, even though the HR corresponding to the AT or HRmax may be similar in running compared with cycling (in exercise tests performed in isolation), the HR corresponding to the AT determined from an incremental running test may be different to that observed in a race situation, especially in running. At elite level, due to the stochastic pace, there is no demand to control the exercise intensity for the run in OD triathlon via HR. Within LD triathlon, the potential use of HR for controlling the running pace might be of interest, at least at the beginning of the marathon. However, to our knowledge there is no published protocol for determining HR for this purpose. Furthermore, the effect of prior cycling on HR during running should be considered when prescribing HR during running training on its own.
Running economy
Running economy can be defined by the V̇O2 (in ml O2·kg -1 ·min -1 ) of running at a certain speed, and is usually expressed by the energy cost (EC) of running a distance of one km (in ml·kg -1 ·km -1 ) calculated as V̇O2 divided by the velocity. EC has been reported in triathletes within both the conditions of isolated running and 'triathlon running' (Millet, . It has also been reported that the extent of any change in EC subsequent to an exhaustive cycling bout is influenced by athlete performance level, event distance, gender, and age. The effect of a fatiguing cycling bout on the subsequent running energy cost was different between elite (-3.7 ± 4.8%, when compared to an isolated run) and middle-level (2.3 ± 4.6%) triathletes (Millet, Millet, Hofmann, Candau, 2000) . Elite LD triathletes had slightly (but not significantly) lower EC than OD triathletes (163.8 vs. 172.9 and 163.0 vs. 177.4 ml·kg -1 ·km -1 during an isolated and a 'triathlon' run, respectively) (Millet, Dreano, Bentley, 2003) . Surprisingly, no difference has been observed in EC between elite junior and senior triathletes, whether male or female, during an isolated run and a 'triathlon' run (173-185 ml·kg -1 ·km -1 ) (Millet & Bentley, 2004) . However, the increase in EC subsequent to cycling was higher in juniors than in seniors in females (5.8 vs. -1.6%), but not in males (3.1 vs. 2.6%) (Millet & Bentley, 2004 ).
The mechanisms underlying the deterioration in economy in the 'triathlon run' when compared to isolated run are various: both reported changes in the ventilatory pattern (Hue, Le Gallais, Boussana, Chollet, Prefaut, 1999) leading to a higher V̇O2 of the respiratory muscles (Millet, Millet . So, similarly to females, with the exception of Tadese, running economy in male distance runners does not appear to be better than the ones reported in elite triathletes: 174± 9 and 164 ± 8 ml·kg -1 ·km -1 for OD and LD triathletes, respectively (Millet, Dreano, Bentley, 2003) . However further investigation with Elite LD triathletes is required to confirm these results. Overall, from these data, it appears that the main difference in running performance between elite runners and triathletes comes mainly from a higher body mass in triathletes (affecting proportional V̇O2max) rather from differences in running economy. Since mean lower leg thickness and calf mass have been shown to be related to running economy (Saltin, Kim, Terrados, Larsen, Svedenhag, Rolf, 1995), one may speculate that the higher body mass in triathletes comes mainly from the upper body muscles more and -probably -from the higher skinfold thicknesses that are associated with swimming.
̇O 2 kinetics
As previously mentioned, in contrast to other endurance sports; i. , one may observe that the triathletes responses were similar to the ones of the runners, for whom the difference between cycling and running was larger than in cyclists.
· It seems that in trained subjects, acceleration of the V̇O2 adjustments at the onset of heavy exercise after endurance training is not always observed, in opposition to untrained subjects. For example, did not report that in a group of already well-trained triathletes, training induces a faster constant time of the primary phase. However, they reported in the seven subjects with the lowest V̇O2max (~64 mL·min·kg), that τ1 decreased from 21 to 14 s.
Comparison of V̇O2 kinetics parameters (as well as running EC and anaerobic capacity in cycling) between OD and LD triathletes appears to be a first priority in the characterisation of training adaptations, and improvement of understanding of the determinants of performance in triathlon, using a "modern" scientific perspective.
INJURY DIFFERENCES IN OD AND LD TRIATHLETES
Differences in training adaptations between LD and OD triathletes may, moreover, have implications for the incidence and or severity of overuse injury in these groups. In a preliminary retrospective study, Vleck (2010b; Vleck et al., 2010) found the number of overuse injuries sustained over a five-year period did not differ between OD and LD triathletes. However, the proportions of OD and LD athletes who were affected by injury to particular anatomical sites did (p<0.05). For example, a greater proportion of OD than LD males sustained Achilles tendon injury (p<0.05). In addition more of the total number of overuse injuries that were sustained by OD athletes occurred to the lower back (17.9%), Achilles tendon (14.3%) and knees (14.2%), whilst most of the injuries that were reported by IR athletes were to the knees (44%), calf (20%), hamstrings (20%) and lower back (20%). Moreover, less OD athletes (16.7% vs. 36.8%, p<0.05) reported their injury to recur. Although OD sustained less running injuries than LD (1.6 ± 0.5 vs. 1.9 ± 0.3, p<0.05), more subsequently stopped running (41.7% vs. 15.8%), and for longer (33.5 ± 43.0 vs. 16.7 ± 16.6 days, p<0.01). In OD, the number of overuse injuries sustained inversely correlated with percentage training time, and number of sessions, doing bike hill repetitions (r = -0.44 and -0.39, respectively, both p<0.05). LD overuse injury number correlated with the amount of intensive sessions done (r = 0.67, p<0.01 and r = 0.56, p<0.05 for duration of 'speed' run and 'speed bike' sessions). It is important, therefore, that coaches note that the physiological and training differences between OD and LD triathletes may lead to their exhibiting differential risk for injury to specific anatomical sites.
CONCLUSIONS
After 30 years of scientific investigation, we can conclude that only the "traditional / old-fashioned" physiological parameters (V̇O2max, anaerobic threshold) have been measured and analysed on a large-scale. Only a few data are available for running EC or cycling efficiency in triathletes. Almost nothing has been published on anaerobic capacity in cycling or V̇O2 kinetics. Very little is known regarding training content. Research regarding both the extent of, and the risk factors for, injury in LD and OD triathletes, is very much in its infancy (Vleck, 2010) .
The International Triathlon Union can be pro-active in initiating a longitudinal assessment of elite triathletes. It will obviously help coaches and scientists. The data so collected may also complement the data collected for the "blood/biological passport" and comprise the first step towards a "physiological passport". · | 2011 | ISSUE 2 | VOLUME 6 
